This study aimed to demonstrate that the pharmacokinetic (PK) and pharmacodynamic (PD) profile of Sandoz proposed biosimilar pegfilgrastim (LA-EP2006) matches reference pegfilgrastim (Neulasta ® ) in healthy subjects. Safety and immunogenicity were also assessed.
Introduction
Neutropenic complications are common side effects of myelosuppressive chemotherapy in patients with malignancies [1] . Febrile neutropenia (FN) often requires hospitalization and can be potentially fatal due to the high risk of infection and sepsis [2, 3] , and may cause chemotherapy disturbances such as dose reduction, delay or even discontinuation [1, 4] .
The administration of granulocyte colony-stimulating factors (G-CSFs) in cancer patients undergoing chemotherapy has been shown to reduce the duration and severity of neutropenia, shorten time to absolute neutrophil count (ANC) nadir and time to ANC recovery from nadir, and reduce the incidence of FN [5] [6] [7] . Current guidelines recommend prophylactic use of G-CSFs, such as filgrastim and its long-acting pegylated form pegfilgrastim, to reduce the risk of neutropenic complications and prevent treatment interruptions in patients receiving myelosuppressive chemotherapy [2, 3, 8] . A recent meta-analysis of randomized clinical trials (RCTs) performed in a sensitive indication compared G-CSFs (filgrastim and pegfilgrastim) with their biosimilars, and showed no clinically meaningful differences in safety, efficacy or immunogenicity [9] .
Sandoz has developed a proposed biosimilar pegfilgrastim (LA-EP2006). Physicochemical and functional characterization using state-of-the-art analytical procedures showed Sandoz proposed biosimilar pegfilgrastim to be highly similar to the reference pegfilgrastim (Neulasta ® , Amgen), which has been marketed in the EU and in the USA since 2002. In two confirmatory, randomized, double-blind, phase III studies in patients with breast cancer (PROTECT-1 and PROTECT-2), Sandoz proposed biosimilar pegfilgrastim showed no clinically meaningful differences in efficacy and safety to reference pegfilgrastim (Neulasta ® ) [10] [11] [12] [13] .
Here, we report findings from a randomized, doubleblind, two-period crossover pharmacokinetic (PK) and pharmacodynamic (PD) study (LA-EP06-103). The study was designed to demonstrate PK and PD similarity between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim (Neulasta ® ) in healthy subjects, as well as to assess the safety and immunogenicity.
Methods
This was a phase I, single-dose, randomized, double-blind, two-way crossover study conducted at two centres in the Netherlands in healthy subjects (EudraCT number 2015-003752-51). The study was conducted in accordance with ICH Guidelines for Good Clinical Practice, the Declaration of Helsinki and applicable local regulations. The study protocol was approved by an Independent Ethics Committee. All subjects provided written informed consent before any study procedures were carried out.
Subjects
Healthy male and female subjects between the ages of 18 and 45 years (inclusive) were enrolled. The study inclusion criteria included: being physically and mentally healthy, as determined by physical examination and safety laboratory assessments; body weight ≥ 60 kg; body mass index 19.0-28.0 kg m -2 (inclusive); ANC 2-7 × 10 9 cells l -1 (inclusive); laboratory assessments and haematology parameters normal/within reference ranges; and nonsmoker, ex-smoker or smoker who smoked no more than 10 cigarettes per day or equivalent. Subjects were excluded for reasons including: known prior exposure to filgrastim, pegfilgrastim, G-CSF, or any analogue of these; history or presence of any clinically significant disease (e.g. pulmonary, haematological, hepatic, renal, gastrointestinal, cardiac, or cerebral diseases or abnormalities); positive test for anti-drug antibodies (ADA) at screening; previous or concurrent malignancy; and abnormal vital signs or abnormal 12-lead electrocardiogram (ECG) results. Except for medication that was required to treat adverse events (AEs; e.g. paracetamol for headache or other pain), hormonal contraceptives and hormone replacement therapy, no medication other than the study drug was allowed from 14 days before dosing until the follow-up visit on Day 28 of Period 2. Subjects were excluded if they tested positive for ADA at Day 28 of Period 1; or if body weight differed by more than 5% between Periods 1 and 2.
Study design
As shown in Figure 1 , the study consisted of two treatment periods separated by an 8-week washout period. Following a screening period of up to 5 weeks, subjects were randomized in a 1:1 ratio to one of two treatment sequences [Sandoz proposed biosimilar pegfilgrastim followed by reference pegfilgrastim (EU-authorized) or reference pegfilgrastim (EUauthorized) followed by Sandoz proposed biosimilar pegfilgrastim]. Pegfilgrastim (Sandoz proposed biosimilar or reference) was administered as a single 6 mg subcutaneous (SC) injection on Day 1 of each period, following a ≥10-h fast (to avoid the impact of food consumption on the neutrophil count [14] ), into the SC tissue of the lower abdomen. A follow-up visit was carried out 28 days after pegfilgrastim administration in each period. The crossover design is desirable because each subject serves as their own control, which enhances the precision of estimation of the treatment difference and results. The sample size estimation and the assessment of the study endpoints are based on intrasubject, rather than between-subject, variability of the primary endpoints [15, 16] . Baseline ANC was carefully controlled to account for the neutrophil-mediated mechanism of pegfilgrastim clearance. The 8-week washout period gives the blood ANC and bone marrow sufficient time to recover and is considered sufficient to avoid any potential carryover effect between the two treatment periods.
Study endpoints
The primary PK endpoint was pegfilgrastim serum concentration, evaluated by area under the serum concentration-time curve (AUC) measured from time of dosing and extrapolated to infinity (AUC 0-inf ) or to the last measurable concentration (AUC 0-last ), and maximum observed serum concentration (C max ). The primary PD endpoint was ANC, measured by area under the effect curve (AUEC 0-last ) and maximum effect attributable to the therapy under investigation (E max ). Secondary PK endpoints included time to the maximum observed concentration (t max ) and elimination half-life (t ½ ). The secondary PD endpoint was ANC response as assessed by time to the maximum effect attributable to the therapy under investigation (t max,E ). Secondary endpoints also included safety and immunogenicity.
Study assessments PK assessments. In each period, PK blood samples (4 ml each) were collected from subjects predose (-15 min) and then at 4, 8, 12, 24, 36, 48, 60, 72, 84, 96, 108, 120, 144, 168, 192, 216, 264 and 336 h postdose. Blood samples were collected into serum separator tubes and stored at ≤-70°C until analysis. Serum concentrations of pegfilgrastim were measured using a commercial, validated, enzyme-linked immunosorbent assay (ELISA) kit. For determination of pegfilgrastim concentrations, the kit calibration standard was replaced by a pegfilgrastim calibration standard at concentrations ranging from 1500 to 48 000 pg ml . Method validation and serum sample analysis were performed in accordance with international guidelines [17] [18] [19] .
PD assessments. Blood samples for PD assessment (3 ml each) were collected at the same time points as the PK blood sampling in each period. Blood samples were collected into potassium ethylenediaminetetraacetic acid tubes and kept at room temperature until analysis. ANC was measured by a validated method using a commercial flow cytometer by the local laboratory at the study site.
Safety assessments. Safety was assessed through: AE collection (incidence, severity and relationship to the study drug; coded using Novartis MedDRA version v19.1 and graded according to CTCAE v4.0); vital signs (blood pressure and pulse rate); laboratory safety tests (haematology, blood chemistry and urine); 12-lead ECG; and physical examination (including height and body weight). AEs were recorded at every visit from Day 1 of Period 1. Vital signs were collected at screening and Days 1 Local tolerance at the injection site was assessed by subjects using a 0-100 mm visual analogue scale (VAS) and by the investigator using the injection site reaction score. The purpose of this assessment was to ensure that the pegfilgrastim was injected properly, and that there were no differences in injection site reactions between the reference and proposed biosimilar pegfilgrastim. Local tolerance assessments were performed on Days 1 (predose, 1 and 4 h postdose), 2, 3 and 7 of each period.
Immunogenicity
assessment. Blood samples for immunogenicity assessment (2.5 ml each) were collected at screening and during each period on Day 1 (≤2 h predose), Day 15 and Day 28 (follow-up). Blood samples were collected into serum separator tubes and stored at ≤-70°C until shipment for analysis. Immunogenicity, as determined by the formation of antibodies against pegfilgrastim, was evaluated with a validated ELISA assay using differently labelled pegfilgrastim for capture and detection of antipegfilgrastim antibodies. The validation procedure and serum sample analysis followed international guidelines [20, 21] ; the sensitivity of the assay was calculated to be 4 ng ml -1 (in 100% serum). All study samples were initially analysed in a screening assay; in case of a result equal to or above the screening cut-off point, a confirmatory/specificity assay was also performed. Binding specificity was confirmed if the assay signal depletion rate was above the confirmatory cut-off point after spiking excess of drug. ADA titre and specificity (i.e. ADAs directed against filgrastim or polyethylene glycol), were reported. In addition, serum samples with confirmed positive ADA were analysed for the detection of neutralizing antibodies in a cell-based assay.
Statistical analysis
A fixed sequence hierarchical testing procedure was prespecified for the equivalence tests on primary PK and PD endpoints. The sample size for the study was determined to ensure at least 80% power for each test step. The true difference assumptions and variability estimations on primary PK and PD endpoints were based on results from a PK/PD study published by Desai et al. [15] . With an estimated intrasubject coefficient of variability of 45% and an assumption of 10% true difference. The bioequivalence in AUC 0-inf was the deterministic test for sample size and required 144 evaluable subjects for at least 80% power. The total sample size of 184 subjects was planned assuming a drop-out rate of 22%.
PK and PD treatment comparisons. The fixed sequence hierarchical step-wise testing procedure was prespecified in the testing sequence of AUC 0-inf , AUC 0-last , C max , ANC AUEC 0-last , and ANC E max . The equivalence hypothesis test for a PK or PD endpoint was only performed if the null hypotheses, higher in the testing hierarchy, were all rejected. PK and PD similarity were claimed if the 90% confidence intervals (CI) for the geometric mean ratios of AUC 0-inf , AUC 0-last and C max , and the 95% CIs for the geometric mean ratios of ANC AUEC 0-last and ANC E max were completely contained within the equivalence margin of 0.8 to 1.25 [22] .
The analyses of the primary PK endpoints were based on the PK analysis set (all subjects who received study drug and completed PK sampling in both periods without a major protocol violation). PK parameters were calculated with noncompartmental methods using Phoenix ™ WinNonLin ® Version 6.3 (Pharsight Corporation) based on actual sample times.
Analyses of variance (ANOVA) were performed on the logtransformed PK parameters (AUC 0-inf , AUC 0-last and C max ), including treatment, sequence and period as fixed effects and subject nested within sequence as a random effect. The ratio of the adjusted geometric means was calculated using the exponentiation of the estimate of difference between the least-squares means obtained from the analyses on the corresponding logtransformed PK parameters. The 90% CIs for these ratios were derived for PK parameters AUC 0-inf , AUC 0-last and C max . Analysis of covariance (ANCOVA) was a sensitivity analysis, performed with the model adjusted for the additional term of baseline ANC (predose of each period) for PK analyses. An additional sensitivity analysis, based on the ANOVA model used for the primary analyses, was conducted for AUC 0-inf excluding AUC 0-inf values with adjusted r 2 < 0.75.
The analyses of the primary PD endpoints were based on the PD analysis set (all subjects who received study drug and completed PD sampling in both periods without a major protocol violation). PD parameters were estimated from the ANC time profiles for all subjects in the PD analysis set. The calculation was performed on baseline corrected and uncorrected values of ANC using actual sample times. The linear trapezoidal calculation method was used to calculate AUEC.
The primary PD endpoints (ANC AUEC 0-last and ANC E max ) were defined as the baseline-corrected PD parameters. ANCOVA analyses were performed with the primary PD endpoints as the dependent variables. The ANCOVA model included treatment, sequence and period as fixed effects and subject nested within sequence as a random effect, and baseline ANC (predose of each period) as a covariate. ANOVA models removing baseline ANC as a covariate were also performed on primary PD endpoints as sensitivity analyses. Similar sensitivity analyses were performed for the PD parameters AUEC 0-last and ANC E max (not baseline corrected), with and without baseline ANC as a covariate.
All clinical analyses were performed using SAS version 9.4 or higher.
Safety analyses. All safety parameters were analysed descriptively for the safety population, which included all subjects who received study drug and had at least one postbaseline safety assessment.
guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [23] .
Results

Subject demographics
A total of 185 subjects were randomized to receive either Sandoz proposed biosimilar pegfilgrastim followed by reference pegfilgrastim (n = 92; proposed biosimilar/ reference) or reference pegfilgrastim followed by Sandoz proposed biosimilar pegfilgrastim (n = 93, reference/ proposed biosimilar). Most subjects were white (proposed biosimilar/reference, n = 78; reference/proposed biosimilar, n = 72), with small numbers of Native American, Asian, African American, mixed race and other subjects also included in the study (total for proposed biosimilar/reference, n = 14; total for reference/proposed biosimilar, n = 20). One subject randomized to reference/proposed biosimilar did not receive study treatment and was excluded from the analysis. A total of 184 subjects were therefore included in the safety set. Overall, 169 subjects (proposed biosimilar/reference, n = 86; reference/proposed biosimilar, n = 83) received both study treatments and completed PK and PD blood sampling in Periods I and II up to the follow-up visit without any major protocol deviations and so were included in the PK and PD analysis sets.
In total, 15 dosed subjects withdrew from the study; six in the proposed biosimilar/reference group and nine in the reference/proposed biosimilar group. Reasons for discontinuation included withdrawal of informed consent (n = 6), AEs (n = 4) and other reasons (n = 5).
Subject demographics, as recorded in Period 1, were similar between the two groups ( Table 1 ). In addition, baseline characteristics (such as mean baseline values for body weight, white blood cells, haemoglobin and platelets) were similar at the beginning of Period 1 and Period 2 and between the two treatments in each period ( Table 2) . Baseline ANC values however, were slightly lower at the start of Period 2 than at the start of Period 1 for both treatments. There were no clinically significant medical history or previous medication findings in either group and no clinically relevant treatment differences in terms of concomitant medications. The most frequently reported concomitant medications were paracetamol (proposed biosimilar, n = 102; reference, n = 95), ibuprofen (proposed biosimilar, n = 43; reference, n = 42), naproxen (proposed biosimilar, n = 6; reference, n = 7) and cetirizine (proposed biosimilar, n = 2; reference, n = 2). Other concomitant medications permitted by study inclusion/exclusion criteria were reported in no more than one subject in each group.
PK and PD treatment comparisons
The primary PK and PD comparisons between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim demonstrated similarity between the two treatments. The 90% CIs for the geometric mean ratio of the PK parameters (AUC 0-inf , AUC 0-last and C max ), and the 95% CIs for the geometric mean ratio of the PD parameters (AUEC 0-last and E max ), for proposed biosimilar/reference were completely contained within the prespecified range of 0.8 to 1.25 ( Figure 2) . The results of all sensitivity analyses were similar to the results of the primary analysis, supporting PK and PD similarity between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim. The mean pegfilgrastim serum concentration-time profiles were similar for Sandoz proposed biosimilar pegfilgrastim and reference, with slightly higher mean concentrations following Sandoz proposed biosimilar pegfilgrastim administration (Figure 3) . Mean pegfilgrastim serum concentrations increased rapidly, with the maximum concentration reached after approximately 12 h. Concentrations subsequently decreased very slowly until 36 h postdose and then more rapidly from 36 h onwards. By Day 6 (120 h postdose), more than 50% of subjects had pegfilgrastim serum concentrations below the lower limit of quantification (LLOQ, i.e. 1500 ng ml 
Secondary PK/PD analyses
Secondary PK and PD endpoints (t max , t ½ and t max,E ) were analysed descriptively and were similar between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim ( Pegfilgrastim increases the production of neutrophils and neutrophil precursors, which in turn clear the compound from the blood circulation and is the predominant pathway for eliminating pegfilgrastim [24] . The neutrophil response is linked to AUC, which is an indirect measure of clearance.
Safety
The safety profiles of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim were similar with no clinically meaningful differences in terms of safety and tolerability. The incidence of treatment-emergent AEs (TEAEs) was the same (97% of subjects) following both Sandoz proposed biosimilar pegfilgrastim or reference pegfilgrastim administration ( Table 4) .
The incidence of TEAEs suspected to be related to the study drug was similar for Sandoz proposed biosimilar pegfilgrastim (95% of subjects) and reference pegfilgrastim (96% of subjects). The majority of treatment-related TEAEs were mild in intensity across both treatment groups and no serious TEAEs were reported (Table 4) . One subject in each group discontinued treatment due to TEAEs; arthralgia following Sandoz proposed biosimilar pegfilgrastim and thrombocytopenia following reference pegfilgrastim administration, both of which were mild in severity and suspected to be treatment-related. A further two subjects discontinued treatment due to AEs occurring ≥4 weeks after the last study drug administration; back pain of moderate severity in the Sandoz proposed biosimilar pegfilgrastim group not suspected to be treatment-related, and nasopharyngitis of mild severity in the reference pegfilgrastim group suspected to be treatment-related. 
Figure 2
Pharmacokinetic (PK) and pharmacodynamic (PD) parameters for the comparison of Sandoz proposed biosimilar pegfilgrastim/reference pegfilgrastim The incidence and nature of TEAEs occurring in each group were similar, with musculoskeletal and connective tissue disorders reported the most frequently (93% of subjects following Sandoz proposed biosimilar pegfilgrastim and 90% of subjects following reference pegfilgrastim; Table 5 ). Following both treatments, nervous system disorders were reported by 61% of subjects. General disorders and administration site conditions (including injection site reactions) were reported by 45% (Sandoz proposed biosimilar pegfilgrastim) and 42% (reference pegfilgrastim) of subjects. The TEAEs most commonly reported by subjects were headache (57% of subjects following Sandoz proposed biosimilar pegfilgrastim and 56% of subjects following reference pegfilgrastim), bone pain (58% proposed biosimilar, 53% reference pegfilgrastim), myalgia (36% proposed biosimilar, 45% reference pegfilgrastim) and back pain (30% proposed biosimilar, 25% reference pegfilgrastim).
There were no clinically relevant changes observed in vital signs or ECGs or differences in local tolerability between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim. Most subjects had no injection site reactions; at 1-h postdose, mild injection site reactions were reported by 22 (13%) subjects following Sandoz proposed biosimilar pegfilgrastim and 32 (18%) subjects following reference Scheduled Time (h) Figure 3 Pegfilgrastim serum concentration-time profiles (linear and logarithmic). SD, standard deviation; N, number of subjects in treatment group pegfilgrastim administration. Most injection site reactions were mild bruising. Mild erythema or erythema/swelling was observed in three subjects, two following reference pegfilgrastim and one following Sandoz proposed biosimilar pegfilgrastim. VAS scores indicated that most subjects had no pain at the injection site. At 1-h postdose, mean (SD) VAS scores were at a maximum of 0.5 (2.03) following Sandoz proposed biosimilar pegfilgrastim and 1.2 (3.75) following reference pegfilgrastim administration.
Immunogenicity
Postdose, positive confirmatory ADA were observed in four subjects in Period 1: one received treatment with Sandoz proposed biosimilar pegfilgrastim and the other three received treatment with reference pegfilgrastim. Two of these subjects (one in each treatment group) tested positive for ADA at Day 28 of Period 1 and were, for safety reasons and according to the study protocol, not dosed in Period 2. Only one subject in Period 2, who received treatment with reference pegfilgrastim tested positive for ADA. None of the detected antibodies were neutralizing. 
Figure 4
Baseline corrected absolute neutrophil count (ANC)-time profile. SD, standard deviation; N, number of subjects in treatment group Table 3 Secondary PK and PD analyses N, number of subjects in treatment group; PK, pharmacokinetics; t max , time to the maximum observed serum concentration; t ½ , elimination half-life; SD, standard deviation; PD, pharmacodynamics; ANC, absolute neutrophil count; t max,E , time to the maximum effect attributable to the investigational medicinal product Table 4 Safety overview of AEs Study drug-related TEAE leading to study drug discontinuation
Serious TEAE 0 0 AE occurring ≥4 weeks after the last IMP administration leading to study drug discontinuation
N, number of subjects in treatment group; n, number of subjects with event; TEAE, treatment-emergent adverse event; AE, adverse event; IMP, investigational medicinal product Table 5 Summary of TEAEs (incidence >10%) for system organ class by treatment 
Infections and infestations
19 (11) 21 (12) Respiratory, thoracic and mediastinal disorders 16 (9) 19 (11) N, number of subjects in treatment group; n, number of subjects with event; TEAE, treatment-emergent adverse event
Discussion
This single-dose, two-way crossover study was designed to demonstrate PK and PD similarity of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim (Neulasta ® ) following a single SC 6 mg dose in healthy subjects. The safety profile and immunogenicity of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim were also compared. The crossover design is considered appropriate as each subject serves as their own control, enhancing the precision of the estimation of the treatment difference between the biosimilar and its reference medicine. In addition, an intrasubject rather than betweensubject, variability of the primary endpoints was used, which leads to a lower sample size [15, 16] . Results from the study indicate that Sandoz proposed biosimilar pegfilgrastim is similar to the reference pegfilgrastim in terms of PK and PD parameters. The 90% CIs for the ratio of geometric means of proposed biosimilar/reference pegfilgrastim for the primary PK parameters AUC 0-inf , AUC 0-last and C max were completely contained within the predefined range of 0.8 to 1.25, demonstrating PK similarity between the two treatments. The secondary PK parameters t max and t ½ were also similar between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim.
Within the predefined margins of PK similarity, the mean AUCs and the mean C max for Sandoz proposed biosimilar pegfilgrastim were approximately 11-14% higher than for reference pegfilgrastim; however, the slightly higher exposure did not translate into any apparent differences in the PD effect or the safety profile.
The 95% CIs for the ratio of geometric means of proposed biosimilar/reference pegfilgrastim for AUEC 0-last and E max were also contained within the predefined similarity margins of 0.8 to 1.25. The secondary PD parameter t max,E was also similar for Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim.
While filgrastim is primarily eliminated by the kidney and neutrophils/neutrophil precursors, pegfilgrastim was designed to have reduced renal clearance. Results from a pegfilgrastim phase I clinical study demonstrated that PK and ANC profiles were similar across various renal function groups, suggesting that the kidney plays a very minor role in the elimination of pegfilgrastim [25] . Neutrophil-mediated clearance is the predominant pathway in eliminating pegfilgrastim. Pegfilgrastim increases the production of neutrophils and neutrophil precursors, which in turn clear the drug from the circulation [24] . Overall, the neutrophil response is linked to AUC, which is an indirect measure of clearance.
The safety profile of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim were comparable; single dose administration of both treatments was safe and well tolerated in healthy subjects. The most common TEAEs were headache, bone pain, myalgia and back pain, which occurred at similar rates following Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim. Furthermore, most of the reported TEAEs could be attributed to the primary pharmacological effect of filgrastim on the bone marrow. No clinically relevant trends were observed in any of the safety variables and local tolerability at the injection site was good, with few subjects reporting injection site reactions. The results are generally comparable to the known safety profile of the reference medicine [26] [27] [28] [29] . Compared with other phase I studies of biosimilar filgrastim, our study reported a higher level of musculoskeletal and connective tissue disorders (93% with Sandoz proposed biosimilar pegfilgrastim and 90% with reference pegfilgrastim). Musculoskeletal and connective tissue disorders were reported by 46.2-65.4% and 38.5-68.0% of healthy subjects receiving 10 μg kg -1 SC biosimilar filgrastim (Nivestim ™ , Hospira) and reference filgrastim (Neupogen ® , Amgen), respectively [30, 31] . The incidence of ADA was similarly low following administration of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim and no neutralizing or clinically relevant antibodies were detected. These findings confirm the low immunological potential of Sandoz proposed biosimilar pegfilgrastim and indicate that the immunological risk is no higher than for the reference pegfilgrastim. These findings are consistent with previous studies that evaluated the immunogenicity of pegfilgrastim and Sandoz proposed biosimilar pegfilgrastim [10, 13, [27] [28] [29] 32 ].
An important consideration is that this study was performed in healthy volunteers, and the PK/PD profile of pegfilgrastim may be different in patients with cancer. Evidence from populations of patients with breast cancer and non-small cell lung cancer suggests that the myelosuppressive effect of chemotherapy results in increased pegfilgrastim exposure compared with chemotherapy-naïve patients or healthy volunteers [27, 33] . This continues until the onset of neutrophil recovery, supporting the role of neutrophil and neutrophil precursors in clearing pegfilgrastim [24] . Also, patients with acute myeloid leukaemia are often neutropenic as a result of their disease [34] and often experience neutropenia following chemotherapy [35] . This results in greater pegfilgrastim exposure compared with patients with other types of cancer undergoing chemotherapy [27, 33, 36] .
Biosimilars are becoming increasingly available as biologic patents expire, creating the opportunity for biosimilar development [37] . Several oncology biosimilars are currently under development, offering the potential for sustainable cancer care by improving treatment affordability and fostering competition. This can help increase patient access to biological treatments, with the aim of improved clinical outcomes. Although biosimilar development is more complex than the development of small molecule drugs, the totality-of-evidence approach, on which their development centres, is now well established [37] . As a part of this totalityof-evidence approach, the development of a biosimilar medicine requires an extensive nonclinical and clinical development programme. PK/PD similarity, comparable clinical efficacy, safety and immunogenicity to the reference medicine need to be demonstrated. Regarding Sandoz proposed biosimilar pegfilgrastim, results from two landmark phase III RCTs have been published, demonstrating therapeutic equivalence and comparability in terms of safety and immunogenicity between reference pegfilgrastim and the proposed biosimilar medicine [10, 13] . This is supported by the results of a recent meta-analysis that reported no difference between G-CSFs and their biosimilars in terms of efficacy and safety [9] . The PK/PD results reported in this study are therefore a key comparison in the development of the Sandoz proposed biosimilar pegfilgrastim.
In view of the expiry of the EU and US basic patents for Neulasta ® , several other proposed biosimilars of pegfilgrastim are currently under development, with the results from phase I and phase III studies already published. The results of the current study are in line with findings from other phase I studies demonstrating PK/PD similarity between proposed pegfilgrastim biosimilar medicines and reference pegfilgrastim (Neulasta ® ) [15, [38] [39] [40] [41] .
The PK/PD similarity of a proposed pegfilgrastim biosimilar (B12019, Cinfa Biotech) and the reference medicine was confirmed in a double-blind, single-dose, twoway crossover study in 172 healthy subjects. Furthermore, there were no clinically relevant differences in the safety profiles of B12019 and the reference medicine, and no anti-drug or neutralizing antibodies were detected following either treatment [38] . A follow-up, multidose, randomized, double-blind, three-period, two-sequence cross-over study, also performed in healthy subjects, confirmed the comparability of B12019 with the reference at a reduced dose of 3 mg in terms of PK/PD parameters, safety and immunogenicity [39] . The immunogenicity profile also did not show any comparable differences to the reference. A single-dose, randomized, two-way crossover study in 66 healthy subjects was conducted to assess the PK/PD similarity of Apotex's proposed pegfilgrastim biosimilar and the reference medicine. All PK and PD parameters were similar for the two medicines, and no clinically meaningful safety or immunological differences between the proposed biosimilar and reference pegfilgrastim were reported [15] . The PK/PD similarity of CHS-1701 (Coherus BioSciences, Inc.), a proposed pegfilgrastim biosimilar, to the reference medicine was demonstrated in a single-blind, threesequence crossover study in 122 healthy subjects. The PK and PD bioequivalence criteria were met, and the two medicines were shown to have comparable safety profiles [40] . Finally, the PK/PD profile of MYL-1401H (Mylan GmbH), a proposed pegfilgrastim biosimilar, was evaluated in a double-blind, three-way crossover trial pegfilgrastim, which enrolled 216 subjects. Results confirmed equivalence of the PK/PD profile of MYL-1401H with the reference pegfilgrastim medicines (EU-Neulasta ® and US-Neulasta ® )
and no relevant differences in safety were reported [41] . MYL-1401H has also been investigated in a phase III trial [42] . This phase III multicentre, randomized, double-blind study included 194 patients with newly diagnosed breast cancer who were eligible to receive docetaxel/doxorubicin/ cyclophosphamide chemotherapy. Patients were randomized to receive MYL-1401H or EU-reference pegfilgrastim (Neulasta ® ) on Day 2 of each cycle. MYL-1401H demonstrated equivalent efficacy and a similar safety profile to the reference medicine.
As the PD marker, ANC is a clinically relevant surrogate marker of efficacy in clinical practice; the similar PD profiles reported here support the findings of clinical equivalence from the phase III efficacy and safety studies of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim in cancer patients [10] [11] [12] [13] .
Conclusions
The PK and PD similarity of Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim was confirmed as the 90% CIs (PK) and 95% CIs (PD) of the geometric mean ratio of proposed biosimilar/reference were completely contained within the predefined range of 0.8 to 1.25. There were no clinically meaningful differences in the safety, tolerability and immunogenicity between Sandoz proposed biosimilar pegfilgrastim and reference pegfilgrastim.
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